The type VI secretion system (T6SS) is a novel secretion system first identified in *Vibrio cholerae*[@b1]. T6SSs occur widely in the Gram-negative Proteobacteria, and are thought to be composed of 15--20 highly conserved core proteins, which form the apparatus[@b2]. T6SSs are frequently involved in pathogenicity of many bacteria, including *Vibrio cholerae*[@b3], *Aeromonas hydrophila*[@b4], *Pseudomonas aeruginosa*[@b5] and *Burkholderia pseudomallei*[@b6]. Increasing numbers of effectors have recently been shown to contribute to bacterial competition[@b7][@b8].

T6SSs have been identified in many of the pathogenic *E. coli* strains that have been sequenced, and interestingly, more than one integrated T6SS or multiple copies of *hcp* and *vgrG* genes are found in single T6SS clusters in many bacteria[@b4][@b6]. T6SS can influence type 1 fimbria expression and pathogenicity of avian pathogenic *E. coli* (APEC) strain SEPT362, and IcmF and Hcp are involved in the bacterial interaction with endothelial cells, reducing their adherence and inducing actin rearrangements[@b9][@b10]. Another APEC K1 strain, TW-XM, encodes two T6SSs in its genome[@b11]. T6SS2 exclusively and significantly influences its interaction with the mouse brain microvascular endothelial cell (BMEC) line, bEnd.3. T6SS1 is multifunctional, and is involved in bacterial-eukaryotic cell interactions in many cell models, in biofilm formation and in bacterial competition[@b11]. Neonatal meningitis *E. coli* (NMEC) K1 strain RS218 has been shown to encode two Hcp proteins of an integrated T6SS, which are involved in different stage when the bacterium interacts with human brain microvascular endothelial cells (HBMECs)[@b12]. Two independent T6SSs are identified in enteroaggregative *E. coli* (EAEC) 042 [@b13]. T6SS Sci-1 is required for biofilm formation and T6SS Sci-2 confers a growth advantage over *E. coli* K12 strain W3110 [@b13].

Hemolysin-coregulated protein (Hcp) and valine-glycine repeat protein G (VgrG) are considered the hallmarks of T6SS, and because they are secreted into the extracellular environment, they can be detected in the supernatants of all bacteria with functional T6SSs[@b5][@b12][@b14]. The *hcp* gene is originally found in *V. cholerae*, and named according to its coordinated regulation with hemolysin[@b15]. Individual Hcp protein is thought to form homohexameric rings with an inner diameter of 40 Å, which act as the structural secretion components of the T6SS, allowing effectors to pass through their centres[@b5]. Their crystal structure and transmission electron microscopic images have shown that these hexameric rings stack on top of one another, forming a nanotube, the inner surface of which binds effector molecules[@b3][@b16]. Hcp is also considered to be an important chaperone for T6SS effectors, preventing their degradation, and is secreted together with them[@b17]. Besides its structural function in the T6SS, Hcp is thought to be a secretory protein, with multiple functions in different bacteria. It has been shown to target macrophages and inhibit phagocytosis, thus modulating the innate immunity of *A. hydrophila* SSU[@b4]. NMEC RS218 encodes a T6SS containing two Hcp proteins that play different roles in the bacterial interaction with HBMECs[@b12]. Hcp1 contributes to the rearrangement of actin, apoptosis and the release of cytokines as effectors secreted into the extracellular environment[@b12]. However, Hcp2 localizes to the cytoplasm and is involved in bacterial adherence and invasion in a cell model[@b12]. The *B. pseudomallei* K96243 genome encodes six T6SSs, but the gene cluster of only one T6SS has been identified as functional because the *hcp1* mutant shows significantly reduced pathogenesis and weak cytotoxicity against RAW264.7 cells[@b6]. Recently, T6SS has been considered useful in bacterial competition. T6SS1 is involved in the growth competition between *E. coli* K12 strain W3110 and EAEC 042, and the *H*cp family proteins contribute to the bacterial competition between *P. fluorescens* and *Dickeya dadantii*[@b13][@b18][@b19].

Using gene sequencing, we found an integrated T6SS in the chromosome of porcine ExPEC strain PCN033, with three copies of *hcp*. Two of the *hcp* genes are located in the T6SS cluster, whereas the third is at quite a distance from it. To define the functions of each Hcp protein of porcine ExPEC strain PCN033, this study constructed markerless deletion mutants of each *hcp* gene and a triple mutant, and monitored their capacity to compete with *E. coli* K12 strain W3110. We also examined the role of the Hcp proteins in bacterial adherence, invasion and intracellular survival. Our findings showed that the T6SS in porcine ExPEC strain PCN033 had multiple functions and that the three Hcp proteins functioned in distinct ways in bacterial competition and the bacterial interactions with eukaryotic cells.

Results
=======

Integrated T6SS gene cluster existed in the genome of porcine ExPEC strain PCN033 encoding three *hcp* genes
------------------------------------------------------------------------------------------------------------

In total, the cluster contained 24 coding sequences, and three genes related to the T6SS occured outside the cluster ([Fig. 1](#f1){ref-type="fig"}). Two *hcp* genes, *hcp1* and *hcp2*, were dispersed in the T6SS cluster, whereas *hcp3* was located at quite a distance from the cluster. Although the amino acid sequences of Hcp1, Hcp2 and Hcp3 shared some conversed sites, they also showed little mutual homology ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}), implying that they contributed in distinct ways to the pathogenesis of porcine ExPEC strain PCN033. We also found out they shared some conserved sites with Hcp proteins in other pathogens, including NMEC RS218, APEC TW-XM, EAEC 042, *P. aeruginosa* PA01, *V. cholerae* and *A. hydrophila* SSU ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}).

Construction and growth characteristics of mutant strains Δ*hcp1*, Δ*hcp2*, Δ*hcp3* and Δ*hcp1*Δ*hcp2*Δ*hcp3*
-------------------------------------------------------------------------------------------------------------

The Δ*hcp1*, Δ*hcp2*, Δ*hcp3* and Δ*hcp1*Δ*hcp2*Δ*hcp3* mutants constructed from porcine ExPEC strain PCN033 were confirmed with PCR using the primers listed in [Table 1](#t1){ref-type="table"} ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}). The growth characteristics of the parental and mutant strains were determined. The mutant strains shared similar growth kinetics with the parental strain, indicating that the mutants did not have a growth defect ([Fig. 2](#f2){ref-type="fig"}). Recombination plasmids used for complement strains were identified by dual-enzyme digestion in [Supplementary Figure S3](#S1){ref-type="supplementary-material"}.

Hcp family proteins contributed to bacterial competition
--------------------------------------------------------

In amount comparison of W3110 in different groups, lower amount of W3110 indicated stronger competitive ability of subject bacterial, while higher amount indicated weaker competitive ability. We initially compared two groups, Δ*hcp1*Δ*hcp2*Δ*hcp3* and the parental strain PCN033, and the Δ*hcp1*Δ*hcp2*Δ*hcp3* mutant showed a significantly reduced capacity for bacterial competition. We then compared Δ*hcp1*, Δ*hcp2* and Δ*hcp3* in the same way, as shown in [Fig. 3A](#f3){ref-type="fig"}. Δ*hcp2* showed a marked decline in its competitive capacity and the defect was restored by recombination plasmid pHSG::*hcp2*, as shown in [Fig. 3B](#f3){ref-type="fig"}; therefore, we inferred that Hcp2 in porcine ExPEC strain PCN033 was predominantly involved in its competition with *E. coli* K12 strain W3110.

Hcp family proteins contributed to organ colonization by porcine ExPEC strain PCN033
------------------------------------------------------------------------------------

We estimate the colonization capacity of all the mutant strains in mouse organs (brain, kidney and spleen) and the degree of bacteraemia ([Fig. 4](#f4){ref-type="fig"}). The bacteria in the blood decreased after the *hcp* genes were deleted and the colonization capacity of the mutants in the brain, spleen and kidney was also significantly attenuated.

Hcp family proteins modulated the bacterial interaction with PK-15 cells during adherence and invasion
------------------------------------------------------------------------------------------------------

To determine whether Hcp1, Hcp2 and Hcp3 play roles in porcine ExPEC adherence and invasion of mammalian cells, we chose PK-15 cells as the cell model. The Hcp proteins were not involved in bacterial adherence to PK-15 cells ([Fig. 5A](#f5){ref-type="fig"}), while the invasive capacity of the bacterium was influenced by the Hcps to different degrees ([Fig. 5B](#f5){ref-type="fig"}). Mutants of Δ*hcp3* and Δ*hcp1*Δ*hcp2*Δ*hcp3* showed significant decline of the invasive capacity comparing with that of parental strain in PK-15 cells. In comparison, group of Δ*hcp3* displayed highest reduction among the three group. To further confirm the predominance of *hcp3* in the invasion, we constructed complement strain of pHSG-*hcp3*/Δ*hcp3* to perform invasion experiment in PK-15 model. The result indicated that rescue of *hcp3* could recover their invasion capability ([Fig. 5C](#f5){ref-type="fig"}). This suggested that the Hcp proteins mainly influence the invasive capacity of porcine ExPEC strain PCN033, though did not contribute to its adherence. And in invasion, Hcp3 played a predominant role.

Hcp family proteins enhanced the PCN033 intracellular replication ability in porcine alveolar macrophages (PAMs)
----------------------------------------------------------------------------------------------------------------

We chose PAMs as the cell model, as the parental strain was isolated from swine. An intracellular replication assay was performed as described below[@b20]. Δ*hcp1*, Δ*hcp3* and Δ*hcp1*Δ*hcp2*Δ*hcp3* showed significantly reduced abilities to replicate intracellularly, retaining 38.1%, 60.6% and 46.6% of replication capacity of parental strain, respectively, whereas the Δ*hcp2* mutation had no effect, with replication equivalent to that of the parental strain ([Fig. 6](#f6){ref-type="fig"}).

Discussion
==========

Many bacterial genomes had several T6SS clusters or multiple copies of *hcp* genes. Hcp proteins contribute to the pathogenesis of many bacteria, including *V. cholerae, A. hydrophila, P. aeruginosa* and *B. pseudomallei*[@b4][@b5][@b6][@b7]. Porcine ExPEC strain PCN033 was isolated from the brain of a swine with meningitis in China[@b21][@b22]. As the pathogenic mechanism remained unclear, we sequenced the whole genome of the parental strain and found a putative integrated T6SS gene cluster in its chromosome[@b22]. In that T6SS cluster, three *hcp* family genes were identified. However, the roles of the Hcp proteins of porcine ExPEC PCN033 were largely unknown. The open reading frames (ORFs) of the *hcp* genes showed negligible similarity to those of other bacteria, but the corresponding amino acid sequences were conserved at some sites relative to those of other species([Supplementary Figure S1](#S1){ref-type="supplementary-material"}). According to a multiple sequence alignment, the amino acid sequences of Hcp1, Hcp2 and Hcp3 showed mutual similarity at some sites. A BLAST search of the National Center for Biotechnology Information database showed that Hcp1, Hcp2 and Hcp3 of ExEPC strain PCN033 shared relatively high homology with Hcp2 of NMEC strain RS218, the Hcps of APEC strain TW-XM, Hcp of *A. hydrophila* and Hcp3 of *P. aeruginosa*[@b4][@b5][@b11][@b12]. Hcp1 of porcine ExPEC strain PCN033 also shared some amino acid sites with Hcp1 of *V. cholerae*, and Hcp2 had almost the same sequence as Hcp2 of NMEC strain RS218 and XmtR of APEC strain TW-XM, with only nine amino acid differences[@b11][@b12][@b15]. The former half of Hcp3 shared some conserved amino acids with other Hcp proteins, whereas the other half showed no homology. We speculated that the Hcps of ExPEC strains share some analogous function, but as the conservation between them was not that close, they might have diverse functions. In this study, we first constructed the Δ*hcp1*Δ*hcp2*Δ*hcp3* mutant strain and performed a bacterial competition assay, which demonstrated a significant reduction in competition compared with that of the parental strain. Because bacterial competition was an important function of the T6SS, we confirmed that the T6SS in porcine ExPEC strain PCN033 was functional. To determine the individual role of each Hcp, mutant strains Δ*hcp1*, Δ*hcp2* and Δ*hcp3* were constructed and assessed for their capacities for bacterial competition, colonization, cell adherence and invasion, as well as intracellular reproduction.

After we confirmed that the duelling ability of Δ*hcp1*Δ*hcp2*Δ*hcp3* was lower than that of the parental strain, we assessed the abilities of the individual mutant strains Δ*hcp1*, Δ*hcp2* and Δ*hcp3* to compete with *E. coli* K12 strain W3110. Hcp2 seemed to play the major role in inter-bacterial competition, suggesting that it might be an effector of T6SS. Utilizing SecReT6 (<http://db-mml.sjtu.edu.cn/SecReT6/>) to analyze the T6SS of ExPEC PCN033, we found besides Hcp family protein, other T6SS effectors were presented including three Rhs family ([Supplementary Table S1](#S1){ref-type="supplementary-material"}) which might be mainly involved in bacterial competition. Having a growth advantage over other bacteria increased the survival of the pathogen would survive in a natural habitat. Thus, we believed that this ability allowed porcine ExPEC strain PCN033 to better compete with other pathogens. After we confirmed that the Hcp family proteins contributed to bacterial competition, we anticipated that they also had other functions in pathogenesis. Therefore, we investigated the capacity for colonization of each strain in mice. Bacteraemia decreased significantly after the *hcp* genes were deleted, and the bacterial concentrations in important organs declined markedly. The Hcp family proteins might influence the quantities of bacteria in the organs in two ways: reducing bacteraemia and weakening the colonization ability of the bacterium. Hcp was not involved in the virulence of *V. cholerae* in an infant mouse model, but the Hcp protein of APEC SEPT362 was involved in its virulence[@b9][@b15]. The Hcp proteins of porcine ExPEC strain PCN033 shared some conserved sites with those two Hcps, but the Hcp proteins were likely to function in diverse ways in different pathogens. The interaction of porcine ExPEC PCN033 with its host was a multifactorial and complex phenomenon, and many other virulence factors are involved, such as IutA and KpsMII[@b22][@b23].

The Hcp family proteins were also involved in the bacterial interaction with distinct cell models[@b10][@b11][@b12]. Here, we demonstrated that they functioned both in adherence and invasion when interacting with an epithelial cell model (PK-15 cells), and in their survival rate after their phagocytosis in PAMs. We found none of the three Hcp family proteins contributed to the adherence process, but all of them played a part in the invasion process, with Hcp3 functioning predominantly. In APEC TW-XM, XmtR had nearly the same sequence as Hcp2 of PCN033, but it was not known whether it was involved in bacterial invasion. Our findings suggested that Hcp1, Hcp2 and Hcp3 of porcine ExPEC strain PCN033 were all associated with its interaction with mammalian cells, but in different stages of the interaction process. However, the mechanism involved in the adherence and invasion of this strain required further investigation. In the intracellular replication assay, our results suggested that Hcp1 and Hcp3 contribute to its intracellular survival, whereas Hcp2 did not seem to be involved in this process. In *A. hydrophila*, Hcp modulated the immune response[@b4]. Although Hcp2 in PCN033 had some homology to Hcp2 of *A. hydrophila*, their functions were mostly likely to differ in terms of the immune response, which might due to pathogen specificity. In the interaction with eukaryotic cells, Hcps may play roles directly, or they could push other effectors to take effect.

In this study, we had shown for the first time that the Hcp family proteins play functional roles in porcine ExPEC strain PCN033, demonstrating that the T6SS was fully functional in this pathogen. Three different *hcps* were detected in porcine ExPEC strain PCN033, and Hcp1, Hcp2 and Hcp3 had diverse functions in its interactions with bacteria and eukaryotic cells, and the Hcp family proteins all seemed to function in the pathogenesis of porcine ExPEC strain PCN033 in the mouse model. Interestingly, *hcp3*, which located distantly from the T6SS cluster on the porcine ExPEC strain PCN033 chromosome, clearly influenced PCN033. Hcp2 predominantly contributed to bacterial competition, whereas Hcp1 and Hcp3 were mainly involved in its interaction with host cells. In a mouse model, all the Hcp family proteins contributed to bacterial colonization *in vivo*. Although *hcp1, hcp2, hcp3* shared some conserved sites, they also had diverse amino acid sequence, they might have diverse function.

Materials and Methods
=====================

Bacterial strains and culture conditions
----------------------------------------

Porcine ExPEC strain PCN033 (O11:K2), belonging to *E. coli* reference (ECOR) group D, was isolated from a pig with meningitis in China[@b21][@b22]. The strain was shown to cause pathological symptoms in a pig model[@b22]. The bacteria were grown routinely in LB or on solid medium containing 1.5% agar at 37 °C with or without shaking. When necessary, the LB medium was supplemented with kanamycin at 50 mg/mL. The complement strains were incubated in LB medium with chloramphenicol at 50 mg/mL. To accomplish multiple sequence alignment of amino acid sequences of Hcps in different pathogens, Clustal W (<http://www.ebi.ac.uk/Tools/msa/clustalo/>) was used and Boxshade (<http://www.ch.embnet.org/software/BOX_form.html>) to highlight the conservative sites.

To infer effectors of T6SS in ExPEC strain PCN033, we blasted in a website, namely <http://db-mml.sjtu.edu.cn/SecReT6/>.

Construction of mutant strains Δ*hcp1*, Δ*hcp2*, Δ*hcp3* and Δ*hcp1*Δ*hcp2*Δ*hcp3* and their complement strains
---------------------------------------------------------------------------------------------------------------

The markerless mutant strains Δ*hcp1*, Δ*hcp2*, Δ*hcp3* and Δ*hcp1*Δ*hcp2*Δ*hcp3* were constructed using the double-selection strategy of allelic exchange mutagenesis with the suicide vector pRE112, as described below[@b24]. We deleted 483 bp of the *hcp1*, 519 bp of *hcp2* and 1149 bp of *hcp3*, thus obtaining mutants from which the complete ORF was removed. The upstream and downstream regions of *hcp1, hcp2* and *hcp3* were separately amplified with PCR from the genomic DNA of porcine ExPEC strain PCN033 with primers P1/P2, P3/P4, P5/P6, P7/P8, P9/P10 and P11/P12. The purified PCR products were sequenced and ligated into pRE112 to construct pRE::*hcp1*, pRE::*hcp2* and pRE::*hcp3*, lacking the ORFs of the target genes. The reconstructed plasmids were introduced into *E. coli* strain x7213 and delivered into strain PCN033 through conjugation transfer when the bacteria were co-cultured. The transconjugants containing the reconstructed plasmids were integrated into the PCN033 chromosome by single-crossover events and were selected on LB agar containing chloramphenicol. Allelic exchange between the chromosomal gene and the mutagenized plasmid copy was achieved by a second crossover event counter-selected on LB agar containing 10% sucrose to determine the excision of the reconstructed suicide vector from the chromosome. Mutant Δ*hcp1*Δ*hcp2*Δ*hcp3* was constructed after Δ*hcp1*Δ*hcp3* was successfully constructed. The Δ*hcp1*, Δ*hcp2*, Δ*hcp3* and Δ*hcp1*Δ*hcp2*Δ*hcp3* mutants were confirmed by their ability to grow on LB agar plates and their inability to grow with chloramphenicol, and the final deletions were confirmed with PCR using primers T1/T2, T3/T4, T5/T6, T7/T8, T9/T10 and T11/T12, as described previously[@b25]. Primer T1/T2, T5/T6 and T9/T10 included the target gene's upstream and downstream homologue arms, whereas T3/T4, T7/T8 and T11/T12 bound inside the target gene's ORF. The correct deletion was verified by sequencing the resulting PCR product.

Complement strains were constructed by using recombination plasmids pHSG::*hcp2* and pHSG::*hcp3*. The complete coding region of *hcp2, hcp3* were amplified by using primers T7/T8 and T11/T12 and inserted into pHSG396 to generate recombination plasmids pHSG::*hcp2*, pHSG::*hcp3*., which were then introduced into Δ*hcp2* and Δ*hcp3* strain respectively using electrotransformation instruments (Bio-Rad, USA). We also introduce plasmid pHSG396 into mutant strains separately to perform experiment in order to eliminate polar effect of the plasmid. The complement strains were selected on LB agar medium containing chloramphenicol at 50 mg/mL.

The complete genome sequence of porcine ExPEC PCN033 has been submitted to the National Center for Biotechnology Information GenBank under accession number NZ-CP006632.1. All the bacteria and plasmids used in this study were listed in [Table 2](#t2){ref-type="table"}, while all primers in [Table 1](#t1){ref-type="table"}.

Determination of growth characteristics
---------------------------------------

After overnight culture, porcine ExPEC strain PCN033 and the mutant strains were diluted 1:1000 and grown in LB medium at 37 °C with steady shaking. Their growth characteristics within 12 h were determined with optical density measurements at 600 nm (OD~600~), and CFU/h was determined at the appropriate dilutions on LB agar plates after overnight culture at 37 °C.

Bacterial competition assay
---------------------------

The growth competition assay was performed using porcine ExPEC PCN033 and its derivatives as the predators, and the *E. coli* K12 W3110 strain as the prey, as described previously[@b26], with minor adjustments. The bacteria were grown in LB medium to an OD~600~ of 1 at 37 °C with shaking, adjusted to OD~600~ 0.5 with phosphate-buffered saline (PBS), and mixed to a prey:predator ratio (CFU) of 10:1. Then, 25 μL of the mixture was spotted onto nitrocellulose membrane (Millipore, USA) on pre-warmed LB agar at 30 °C for 12 h, and the CFU in 25 μL of prey was used as the background value. The bacterial spots were harvested, and the CFU/mL values of the surviving predator and prey were determined by plating 10-fold serial dilutions on selective medium plates, because the predators were resistant to kanamycin but the prey were not. All the competition data are expressed with the amount of survival prey. All assays were repeated three times in triplicate.

Cell culture
------------

Porcine alveolar macrophages were obtained from the lungs of 3- to 4-week-old *E. coli.*-free piglets with sterile bronchoalveolar lavage, as described previously[@b20]. The isolated PAMs were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco) containing 10% (v/v) heat-inactivated foetal bovine serum (FBS; Gibco), 100 U/mL penicillin and 100 μg/mL streptomycin (Sigma). Porcine kidney epithelial cells (PK-15) were cultured in DMEM containing 10% (v/v) heat-inactivated FBS. All cells were cultured at 37 °C in a humidified incubator with 5% CO~2~.

Adherence and invasion assays
-----------------------------

The adherence and invasion assays were performed as previously described[@b27], with minor adjustments, using PK-15 cells as the cell model. Briefly, 24-well tissue culture plates were seeded with confluent monolayer. Each bacterial strain was added at a multiplicity of infection (MOI) of 100 and the plates were incubated for 90 min to allow the *Escherichia*-model cell interaction. For the adherence assay, after incubation, the cells were vigorously washed five times with PBS (Hyclone) to eliminate nonspecific bacterial adherence. They were then lysed by incubation in sterile water at room temperature for 15 min, and after homogenization, 10-fold serial dilutions were plated onto LB agar plates to determine the total CFU. For the invasion assay, after incubation, the cell monolayers were washed three times with PBS, and then incubated with medium containing 25 μg/mL cefotaxime for 1 h to kill any extracellular bacteria. The number of bacteria that had invaded the cells was counted as described above. All the assays were performed three times in triplicate.

Intracellular replication assay
-------------------------------

The intracellular replication assay was performed as described previously[@b27], with some adjustments. PAMs were seeded in 24-well tissue culture plates and 2 h before infection, the non-adherent cells were washed off with PBS. *Escherichia coli* were added to the PAMs at an MOI of 10. One hour after infection, medium containing 25 μg/mL cefotaxime was used to kill the extracellular bacteria. After another 1 h, the medium was replaced with fresh medium containing 10 μg/mL cefotaxime. The number of viable intracellular bacteria was assessed 3 h after infection, as described above. All the assays were performed in triplicate.

Mouse model of bacterial colonization
-------------------------------------

Animal experiments were approved by the Laboratory Animal Monitoring Committee of Huazhong Agricultural University (No. HZAUMO-2014--010) and were performed in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of Hubei Province, China. Thirty 8-week-old female C57BL/6 mice (Hubei Center for Disease Control and Prevention, Hubei, China) were randomly assigned to six groups. The mice were inoculated intravenously in the lateral tail vein with an infectious dose of 10^7^ CFU of bacteria in 0.9% NaCl. Six hours later, the mice were airway medicated to establish anaesthesia and their chests were opened. Blood from the right ventricle was collected to calculate the CFU of bacteria surviving in the blood. The mice were then perfused with a 1-mm needle inserted into the left ventricle of the heart with smooth force. The composition of the perfusate was 0.9% NaCl containing a final concentration of 10 U/L heparin sodium. After perfusion for 30 min, the mice were killed with cervical dislocation and their organs (brains, kidneys and spleens) were removed, weighed, homogenized and cultured to determine the CFU. Bacterial survival in the blood was expressed as CFU/mL, and bacterial colonization of the organs was expressed as CFU/g tissue, as described previously[@b28].

Statistical analysis
--------------------

All data were evaluated with the Student's *t* test using the SPSS ver. 19.0 software (SPSS Inc., Chicago, IL, USA). A P value of less than 0.05 was considered significant.
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![Schematic of the genetic organization of the porcine ExPEC PCN033 T6SS gene cluster.\
(**A**) ORFs in the T6SS are shown in different colours and directions. Sequence data for the cluster can be obtained from the National Centre for Biotechnology Information.](srep26816-f1){#f1}

![Growth characteristic of the parental and mutant strains.\
(**A**) Measurement results of OD~600\ nm~ for mutant and parental strains. (**B**) CFU per ml of mutant and parental strains during 12 h generating time.](srep26816-f2){#f2}

![The role of Hcp family proteins in bacterial competition.\
(**A**) Final CFU/ml of *E. coli* K12 strain W3110 after competing with PCN033 and its derivatives. After 12 h generating at 30 °C, CFU/ml of W3110 was 3.54E + 08 ± 8.23E + 06. When competing with ExPEC strain PCN033, the CFU/ml of W3110 declined to 7.83E + 07 ± 4.31E + 07. CFU/ml of W3110 competing with Δ*hcp2* or Δ*hcp1*Δ*hcp2*Δ*hcp3* were 1.70E + 08 ± 1.25E + 07, 2.04E + 08 ± 3.46E + 07, respectively. The error bars indicated the SD of the means of three independent experiments. Statistically significant differences were indicated. \*P ≤ 0.05. (**B**) The complement of *hcp2* can restore the bacterial competing with *E coli.* K12 strain W3110. The invasive CFU/ml of W3110 when competing with pHSG-*hcp3*/Δ*hcp3* was 4.75E + 08 ± 2.50E + 08, as pHSG/PCN033 and pHSG/Δ*hcp3* were 3.13E + 08 ± 1.44E + 08, 8.38E + 08 ± 7.50E + 07, respectively. The error bars indicated the SD of the means of three independent experiments. Statistically significant differences were indicated. \*P ≤ 0.05.](srep26816-f3){#f3}

![Colonization ability in different tissues of mice after challenged by porcine ExPEC strain PCN033 and mutant strains.\
Groups of five C57BL/6 mice were challenge via the caudal vein with 10^7^ CFU of parental and mutant strains. Heart perfusion was operated after 6 h. We examined bacterial concentrations in the blood (**A**), brain (**B**), spleen (**C**) and kidney (**D**) were examed. The error bars indicated the SD of the means of three independent experiments. Statistically significant differences were indicated. \*P ≤ 0.05.](srep26816-f4){#f4}

![Adherence and invasion assays performed in PK-15 cell model.\
Adherence and invasion capacities were expressed in adherence and invasion percentage for each strain. (**A,B**) showed adherence and invasion assays, respectively, in PK-15 cell model; C showed *hcp3* can restore invasion ability in PK-15cell model. (**A**) showed that adherence capacities of all mutants were not significantly lower than that of the parental strain. (**B**) showed that the Δ*hcp3* mutant and the Δ*hcp1*Δ*hcp2*Δ*hcp3* mutant had lower invasion capacities for PK-15 cell than that of the parental strain, with invasion percentage of 0.000624 ± 0.0000284 and 0.000537 ± 0.0000621, respectively. (**C**) Showed invasion percentage of pHSG/PCN033 was 0.00198 ± 0.000074, pHSG/Δ*hcp3* 0.00104 ± 0.00032, pHSG-*hcp3*/Δ*hcp3* 0.00268 ± 0.000785. *hcp3* restored invasion capability of strain. The error bars indicated the SD of the means of three independent experiments. Statistically significant differences were indicated. \*P ≤ 0.05.](srep26816-f5){#f5}

![Bacterial reproduction in PAMs by the *hcp*s deletion.\
The intracellular reproductive rates were expressed as frequencies relative to that of the parental strain. The rates of Δ*hcp1*, Δ*hcp3* and the triple mutant Δ*hcp1*Δ*hcp2*Δ*hcp3* were 38.1 ± 8.3%, 60.6 ± 2.9% and 46.6 ± 4.9% (mean ± SD), respectively, relative to the frequency of parental strain, which was arbitrarily set at 100%. The error bars indicated the SD of the means of three independent experiments. Statistically significant differences were indicated. \*P ≤ 0.05.](srep26816-f6){#f6}

###### Strains and plasmids used in this study.

  **Strains**             **Description and Genotype**                                                      **Source**
  ----------------------- -------------------------------------------------------------------------------- ------------
  PCN033                  ExPEC O11, phylogenetic group D, field strain from pig in China, Km^R^, Cm^S^     This study
  Δ*hcp1*                 PCN033 derivate, all frame deletion of *hcp1*, Km^R^,Cm^S^                        This study
  Δ*hcp2*                 PCN033 derivate, all frame deletion of *hcp2*, Km^R^,Cm^S^                        This study
  Δ*hcp3*                 PCN033 derivate, all frame deletion of *hcp3*, Km^R^,Cm^S^                        This study
  Δ*hcp1*Δ*hcp2*Δ*hcp3*   PCN033 derivate, all frame deletion of *hcp1, hcp2, hcp3*, Km^R^,Cm^S^            This study
  pHSG-*hcp2*/Δ*hcp2*     Δ*hcp2* strain containing pHSG::*hcp2*, Km^R^, Cm^R^                              This study
  pHSG-*hcp3*/Δ*hcp3*     Δ*hcp3* strain containing pHSG::*hcp3*, Km^R^, Cm^R^                              This study
  pHSG/PCN033             PCN033 strain containing pHSG, Km^R^, Cm^R^                                       This study
  pHSG/Δ*hcp2*            Δ*hcp2* strain containing pHSG, Km^R^, Cm^R^                                      This study
  pHSG/Δ*hcp3*            Δ*hcp3* strain containing pHSG, Km^R^, Cm^R^                                      This study
  x7213                   Conjugation transfer host for recombinant vector                                      26
  W3110                   F-, lambda- IN(rrnD-rrnE)1 rph-1, Km^S^                                               23
  **Plasmids**                                                                                             
  pRE112                  pGP704 suicide plasmid, pir dependent, oriT, oriV, sacB, Cm^R^                        26
  pRE112::*hcp1*          Recombinant vector with the pRE112 background, designed for knockout of *hcp1*    This study
  pRE112::*hcp2*          Recombinant vector with the pRE112 background, designed for knockout of *hcp2*    This study
  pRE112::*hcp3*          Recombinant vector with the pRE112 background, designed for knockout of *hcp3*    This study
  pHSG396                 ori lacZ Cm^R^                                                                    Takara Bio
  pHSG::*hcp2*            Complement vector of *hcp2*                                                       This study
  pHSG::*hcp3*            Complement vector of *hcp3*                                                       This study

###### Primers used in this study.

  **Primer**   **Sequence (5′-3′)**                              **Product size (bp)**                      **Target product**
  ------------ ------------------------------------------------ ----------------------- ----------------------------------------------------------
  P1           ATGGTACCTGTTATGTTTTGTTCTCGCTT *KpnI*                       817                               upstream of *hcp1*
  P2           CGGAATTCTTTACTGTAATAACATAATAAATTACTATT *EcoRI*                                                        
  P3           CGGAATTCGATAATCTCCTTTAATTAAATAATTATTTT *EcoRI*             815                              downstream of *hcp1*
  P4           ATGAGCTCCGGCAATATTCTGCGTCA *SacI*                                                                     
  P5           ATGGTACCATATTCAGCGCCACATTCAGT *KpnI*                      1000                               upstream of *hcp2*
  P6           CGGAATTCTTGTAAACTCCTTGTTAACGTGG *EcoRI*                                                               
  P7           CGGAATTCGTTAAGCCAACAGCATCCG *EcoRI*                       1000                              downstream of *hcp2*
  P8           ATGAGCTCTTGAAACGTCCGGGGTAG *SacI*                                                                     
  P9           ATGGTACCGTCATCACCATCGAAACCTC *KpnI*                        801                               upstream of *hcp3*
  P10          GGCTCGAGAACTGAAATTAACGTACTG *XhoI*                                                                    
  P11          CACTCGAGCCTTGAAAAACCTTTTG *XhoI*                           810                              downstream of *hcp3*
  P12          ATGAGCTCCGCAACGGCGGCGATGTTC *SacI*                                                                    
  T1           TTATTGAGCTGAGTATTTTTTTTGC                                985/513                        a fragment containing *hcp1*
  T2           TAACCCTTTCCTATATCAAAAATGTC                                                                            
  T3           ATGGCAAATATGAGTTATTTATCTTT                                 483                         an internal fragment of *hcp1*
  T4           TTACTGTACACGATCCTGCCA                                                                                 
  T5           TTATGGAGGCAATACGGACTT                                   1019/500                        a fragment containing *hcp2*
  T6           AGGCCGTCCACTTCCAG                                                                                     
  T7           CCGCTCGAGATGCCAACACCGTGTTATATCT *XhoI*                     519            an internal fragment of *hcp2* and complement for *hcp2*
  T8           CGGGGTACCTTATGCTTCCAGCGGTGC *KpnI*                                                                    
  T9           GTATCCCTTTTCAGTAAC                                      1593/444                        a fragment containing *hcp3*
  T10          CAATGGCAGACACCTTAG                                                                                    
  T11          CCGCTCGAGATGAGTGATATTATTTACCTGAACATAA *XhoI*              1149            an internal fragment of *hcp3* and complement for *hcp3*
  T12          CGGGGTACCTCAGTTATCATAGTCAAGTGCATC *KpnI*                                                              
